Objectives: Evaluate trends in method of access (percutaneous cannulation vs open cannulation) for pediatric extracorporeal membrane oxygenation and determine the effects of cannulation method on morbidity and mortality. Design: Retrospective cohort study. Setting and Subjects: The Extracorporeal Life Support Organization's registry was queried for pediatric patients on extracorporeal membrane oxygenation for respiratory failure from 2007 to 2015. Inverventions: None. Measurements and Main Results: Of 3,501 patients identified, 77.2% underwent open cannulation, with the frequency of open cannulation decreasing over the study period from approximately 80% to 70% (p < 0.001). Percutaneous cannulation patients were more commonly male (24.2% vs 21.5%; p = 0.01), older (average 7.6 vs 4.5 yr; p < 0.001), and heavier (average 33.0 vs 20.2 kg; p < 0.001). Subset analysis of patients on venovenous extracorporeal membrane oxygenation revealed higher rates of mechanical complications due to blood clots (28.9% vs 22.6%; p = 0.003) or cannula problems (18.9% vs 12.7%; p < 0.001), cannula site bleeding (25.3% vs 20.2%; p = 0.01) and increased rates of cannula site repair in the open cannulation cohort. Limb related complications were not significantly different on subset analysis for venovenous extracorporeal membrane oxygenation patients stratified by access site. Logistic regression analysis revealed that method of access was not associated with a difference in mortality. Conclusions: The proportion of pediatric patients undergoing percutaneous extracorporeal membrane oxygenation cannulation is increasing. Mechanical and physiologic complications occur with both methods of cannulation, but percutaneous cannulation appears safe in this cohort. Further analysis is needed to evaluate long-term outcomes with this technique. (Pediatr Crit Care Med 2018; 19:981-991) 
E xtracorporeal membrane oxygenation (ECMO) is a form of prolonged cardiopulmonary bypass used to support patients with severe cardiopulmonary failure in order to avoid irreversible organ injury (1) . The use of ECMO in both adult and pediatric patients has evolved secondary to technological advances and an improved understanding of the physiologic effects of ECMO. Appropriate patient selection, type of ECMO (venovenous or venoarterial), and appropriate cannula site selection may affect outcomes in adult patients (2) . In addition, novel vascular access techniques may also impact morbidity and mortality of these patients (3) (4) (5) .
There is a growing body of literature describing such advances in adult patients, including the use of percutaneous cannulation (PERC) techniques for the resuscitation and cardiopulmonary support of patients with cardiac arrest, cardiogenic shock, pulmonary insufficiency, and pulmonary edema (6) (7) (8) (9) . Retrospective reports demonstrate that very few complications are directly attributable to the cannulation technique with the appropriate use of ultrasound and fluoroscopic guidance (10) . Despite the initial description and advances in the neonatal population, the experience with percutaneous ECMO cannulation in the pediatric population is limited (11) (12) (13) .
The purpose of this study was to evaluate trends in vascular access techniques (PERC vs open cannulation [OPEN] ) for pediatric ECMO and the association between access type and morbidity and mortality utilizing a large, multicenter database.
METHODS
The study protocol and use of the Extracorporeal Life Support Organization (ELSO) registry database were reviewed by the institutional review board of the University of Buffalo. The study received exemption from formal review and the need for patient informed consent was waived.
Data Source
ELSO is an international, nonprofit consortium of providers and centers dedicated to the development and improvement of ECMO. Participating healthcare centers contribute detailed data to a registry of clinical information for adults and children treated with ECMO (14) . As of 2015, the database included over 59,000 children who had received ECMO with pre-ECMO illness severity and support, diagnosis and procedures, details of ECMO support and equipment, as well as relevant complications and survival to hospital discharge (15, 16) . The registry supports the vast majority of ECMO clinical research and is used to generate and disseminate standards and guidelines. The dataset used included select registry data from 2007 to 2015.
Patient Selection
Pediatric patients, defined as greater than 28 days and less than 18 years old, were included for study (Supplemental Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/PCC/ A725). A primary ELSO support type of "respiratory" as well as the International Classification of Diseases, 9th Revision codes 518.81, 518.82, 518.84, and 799.1 were used to identify patients with respiratory failure. Data extracted from the ELSO registry included patient demographics, clinical characteristics of pre-ECMO assessment, as well as ECMO run details including, but not limited to, duration of cannulation, ECMO mode, and cannulation type (PERC vs OPEN). Complications and outcomes, such as mortality, were also extracted from the registry for analysis. Of these patients, 63 underwent more than one ECMO run. Individual ECMO run was used for case identification and "patients" moving forward refer to individual "ECMO run."
Statistical Analysis
A retrospective descriptive analysis of the data was performed to evaluate characteristics of patients placed on ECMO using PERC access versus traditional OPEN access techniques. Categorical variables were compared using the Pearson chi-square test; continuous variables were compared using the Kruskal-Wallis test, where p value of less than 0.05 was considered statistically significant. Cochrane-Armitage test for trend was used to evaluate the use of PERC versus OPEN over time. Clinical and demographic variables were incorporated into logistic regression models to calculate the adjusted odds ratio (aOR) and its 95% CIs for mortality and selection for PERC. All statistical analyses were performed using R (Version 3.3.1; R Project for Statistical Computing, Vienna, Austria) and STATA Data Analysis and Statistical Software (Version 11; StataCorp, College Station, TX).
RESULTS
A total of 3,501 patients (> 28 d old and < 18 yr old) with a primary respiratory diagnosis requiring pulmonary support ECMO were included for study. Of these patients, 77.2% underwent OPEN (Table 1) . Patients who underwent PERC were significantly older and heavier than OPEN patients, but no difference in gender or race. Mortality varied significantly between the two groups, with 63.7% of patients in the PERC group discharged alive versus 57.6% of patients in the OPEN group (p = 0.002). Additionally, the frequency of OPEN decreased over time from approximately 80% to 70% over the study period (p < 0.001) (Fig. 1A) . When divided by support type, there was a significant increase in percentage of patients accessed percutaneously for venovenous ECMO and decrease in PERC for venoarterial ECMO (p < 0.001) (Fig. 1B) .
There was no significant difference in mean time on ECMO for PERC versus OPEN. 45.7% received venovenous support mode with 78.2% of PERC patients and 36.1% of OPEN patients on venovenous ECMO. In contrast, 19.5% of patients in the PERC group were placed on venoarterial ECMO compared with 62.8% of OPEN patients. Excluding those classified as "other," 53.0% of the cohort as a whole were placed on venoarterial ECMO ( Table 2 ). There was significant variation in ventilator type with a larger proportion of PERC patients placed on conventional ventilation and a larger proportion of OPEN patients on high-frequency oscillatory ventilation. The most common sites in both groups included the right internal jugular vein and right common carotid artery, followed by femoral vessels.
Laboratory values and initial ventilator settings varied significantly between patients on venovenous and patients venoarterial ECMO within the OPEN group. When separated by support mode (venovenous and venoarterial ECMO), however, only differences in initial oxygen saturation (Sao 2 ) and peak inspiratory pressure persisted in the venovenous group and differences in Sao 2 and mean arterial pressure for patients in the venoarterial group between PERC and OPEN (Supplemental Table  1 , Supplemental Digital Content 2, http://links.lww.com/PCC/ A726); these variables were excluded from multivariate analysis.
Subset Analysis, Venovenous ECMO
As the majority of patients with PERC access were placed on venovenous support, a subset analysis was performed of patients on venovenous ECMO. Complications on ECMO were divided into several categories, including mechanical complications related to equipment failure, mechanical complications secondary to blood clots, hemorrhagic complications, and complications affecting specific organ systems including neurologic, renal, cardiovascular, pulmonary, infectious, metabolic, and limb/extremity related complications ( Table 3) . For venovenous ECMO patients accessed via a femoral approach, mechanical complications secondary to blood clots, and hemorrhagic complications with cannula site bleeding were more common in the OPEN group (32.5% vs 20.4%; p = 0.007 and 35.7% vs 14.9%; p < 0.001, respectively) (Supplemental Table 2 , Supplemental Digital Content 3, http:// links.lww.com/PCC/A727). Patients in the PERC group were also less likely to undergo cannula site repair compared with OPEN patients (38% PERC vs 52.5% OPEN; p = 0.001).
For venovenous ECMO patients undergoing jugular access, mechanical complications including blood clots and cannula problems were more common with OPEN compared with PERC techniques (28.6% vs 22.8%; p = 0.009 and 19.3% vs 12.8%; p < 0.001, respectively) ( Table 3 ). Hemorrhagic complications at the cannula site were also more common in the OPEN group (25.4% vs 20.4%; p = 0.02), with fewer cannula site repairs performed in the PERC group. There was no statistical difference in likelihood of mortality at discharge based on access type for all patients on venovenous ECMO.
Logistic Regression Analysis
Logistic regression was performed to evaluate factors predictive of PERC rather than OPEN for patients on venovenous ECMO. Only increasing age and weight were associated with the choice of PERC technique ( Table 4) . When considered as a continuous variable, increasing weight (kg) was associated with statistically significant (although miniscule) increases in the odds of PERC as opposed to OPEN (aOR, 1.03; 95% CI, 1.01-1.07; p = 0.04). Compared with age less than 1 year, patients greater than 12 years old were significantly more likely to undergo PERC. Compared with continuous mandatory ventilation, patients on highfrequency ventilation/oscillator were more likely to undergo PERC (aOR, 0.69; 95% CI, 0.50-0.94; p = 0.02). For patients on venoarterial ECMO, age 4-6 years (compared with age < 1 yr) and weight change were age for patients age 4-6 years were associated with increased odds of PERC compared with OPEN.
Logistic regression analysis to identify factors associated with being discharged alive for all patients showed that type of access (PERC vs OPEN) was not associated with a significant difference in mortality for all patients or within the subset of patients on venovenous ECMO only or venoarterial ECMO only. Similarly, gender, weight, and weight change per age group were not associated with a decreased likelihood of hospital discharge. Venovenous ECMO was also associated with increased likelihood of being discharged alive compared with venoarterial ECMO (aOR, 1.82; 95% CI, 1.53-2.16; p < 0.001) ( Table 5) . Age greater than 12 years, as compared with age less than 1 year, and Asian or Hispanic race (as compared with White) were associated with a decreased likelihood of being discharged alive when evaluating the cohort as a whole.
Within the cohort of patients on venovenous ECMO, the only factors associated with decreasing odds of discharge alive was increasing time on ECMO (d) with increased offs of discharge alive for cannulation in 2011 compared with 2007. For patients on venoarterial ECMO, however, Asian and Hispanic race (as compared with White) and increasing days on ECMO were associated with decreased odds of discharge alive. In contrast, age 1-3 years, compared with age less than 1 year, was associated with increased odds of discharge alive (aOR, 2.98; 95% CI, 1.18-2.94; p = 0.04) ( Table 5) .
DISCUSSION
Extracorporeal assist systems are increasingly used for the treatment of severe cardiopulmonary failure in patients of all ages. In adults, the advent of PERC has contributed to a resurgence in ECMO use for respiratory failure and thus linked to decreased complication rates (17) . Although small reports have described experiences with PERC access for ECMO in pediatrics, these are often limited to case series or venovenous ECMO only (18) . This article addresses an increasing trend toward PERC for ECMO in pediatrics and highlights several differences inpatient characteristics based on the method of cannulation.
The traditional or open surgical approach to ECMO is the standard of care in pediatric patients where cannula size has limited the adoption of percutaneous approaches. Percutaneous access, developed in part to address high complication rates, offered a faster means of cannulation that is readily performed by intensivists or ECMO providers other than surgeons, thus increasing its accessibility (17, 19) . In parallel to increased use of PERC, there has been a rise in the use of venovenous ECMO in respiratory failure further supporting the importance of readily available, easy, and safe cannulation techniques (20, 21) . The rise in use of ECMO for respiratory support is particularly relevant in pediatrics with 102% increase in annual number of runs for patients between 28 days and 18 years from 2007 to 2015 (16) .
Differences in the characteristics of patients undergoing PERC and OPEN were observed in this study with patients in the PERC access group generally larger and older (i.e., > 12 yr old) and patients under 1 year old more likely to undergo OPEN. Although circuits are becoming smaller and amenable for transport, there is still a limited arsenal of cannulae available for ECMO cannulation making these results not surprising. For example, the most frequently used cannula sizes for percutaneous access in adults (17 Fr arterial cannula and 21 Fr venous cannula), are much too large for most pediatric patients (22, 23) . In addition to the use of new cannula technology, PERC in older or adult patients is frequently performed through femoral access whereas the internal jugular vein and common carotid artery remain the preferred cannulation sites in neonates and children weighing less than 15 kg (24) . In support of this, we identified higher rates of femoral access in PERC patients despite the right internal jugular vein and right common carotid artery accessed most frequently overall. ECMO complications reported in the ELSO registry were divided into several categories for evaluation where mechanical failure secondary to blood clots and cardiovascular complications, for example, were more common in the OPEN group. In contrast, limb complications were more common in the PERC group overall, but the differences disappeared on subset analysis of patients on venovenous ECMO. When further divided by access site, there were no significant differences in reported occurrences of limb or neurologic complications. These results should be interpreted with caution, as data on vessel patency following decannulation was not available from the registry. Early experiences with techniques for managing distal limb ischemia, such as the insertion of distal perfusion catheters with PERC or OPEN access in pediatrics, demonstrate feasibility but have not demonstrated definitive improvement in clinical outcomes (25, 26) . More granular data, as may be obtained through multicenter retrospective reviews outside of registry data, is needed for detailed analyses of the use of distal perfusion techniques and more importantly, for evaluation of vessel patency and usability following decannulation (27, 28) .
Thrombotic and thromboembolic complications during ECMO occur secondary to several mechanisms including the exposure of blood to foreign, nonendothelial materials, high flow rates, and shear stress resulting in RBC hemolysis, as well as increased plasma viscosity due to protein denaturation while on ECMO (29) (30) (31) . In this study, mechanical complications secondary to blood clots were more common in patients undergoing OPEN rather than PERC access. Unfortunately, this study was unable to differentiate patients by factors known to influence mechanical complications such as anticoagulation and comorbidities. Cardiac complications, including cardiac wall perforation and tamponade, which are described as both real and theoretical risks in single-center studies, were not significantly different between percutaneous and open access groups, regardless of ECMO support mode (10, 32) . Need for inotrope support, presence of cardiac arrhythmia, hypertension requiring vasodilators, and hemodynamically significant patent ductus arteriosus were more common in patients on venoarterial ECMO, but given the small sample size for PERC patients on venoarterial ECMO, further analysis including access site and type of cannulation could not be performed. The increased occurrence of these complications in patients with open access for the whole cohort may be related to blood loss or transfusion requirements, although further data are needed to identify causative factors (30) .
In contrast to thrombotic complications which are associated with immediate and long-term risk with either access type, initial experience with percutaneous access aimed to demonstrate decreased rates of bleeding complications often observed during OPEN (33) . In our study, evaluation of the venovenous ECMO subgroup demonstrated that cannula site bleeding was more common for patients undergoing an open technique. Clinical relevance of these bleeds, however, could not be established without data on transfusion requirements. Along similar catheters, increased rates of cannulation site bleeding and performance of cannula site repair were identified in the OPEN group, and was likely due to the larger incisions made at time of cannulation which placed surrounding structures at risk of injury and in need of vascular repair (34) . Further research is needed to compare practices, but these findings are consistent with the present study demonstrating decreased cannulation site complications.
Finally, mortality was compared between the PERC and OPEN groups through multivariate logistic regression in order to identify factors independently associated with increased mortality. Method of access did not impact the odds of being discharged alive despite a significant difference in mortality on univariate analysis (36.3% and 42.4%, respectively). The only factor consistently associated with a significant decrease in the odds of discharge alive was increased duration of time on ECMO supporting the notion that sicker patients, or patients requiring more time on ECMO, are less likely to survive their hospitalization (35) . Factors such as racial differences associated with decreased odds of discharge alive on venoarterial ECMO warrant further investigation into the potential role of socioeconomic and demographic variables in outcomes for critically ill neonatal patients. Although it did not retain significance on multivariate regression, the higher mortality in patients undergoing OPEN is likely associated with the inherent differences in patients in the two groups. There are inherent limitations to this study as it is a retrospective review of a large database. The study is limited by the accuracy and completeness of data reported to the ELSO registry-which is a voluntary registry-as well as the ability to extract only deidentified data. Data related to centers where cannulation was performed and transport of patients cannulated by a traveling ECMO teams are not available, thus limiting the ability to evaluate the effect of center or physician-specific characteristics on outcome. More specifically, the inability to identify center where ECMO was performed limited our ability to consider within-center correlation of the patients and evaluation of PERC adoption over time versus annual center volume and outcomes, a topic of increasing interest in contemporary literature. Additionally, no long-term outcome data are available in the ELSO registry; these would provide valuable insight into common complications of ECMO cannulation such as neurodevelopmental outcomes and vessel patency following decannulation. As a voluntary registry, we are required to accept the data entered as true and reliable. One area of particular difficulty is in determination of mode of ECMO. Although a variable does exist in the database for specification, it does not easily allow for identification of patients who were transitioned from one mode to another. It has been proposed that cannulas be used to obtain a more accurate picture of venovenous-versus venoarterial-ECMO, but this was not felt to be necessary in this study. Detailed analysis of cannula type was not performed given the inability to account for confounding variables such as institution or provider preference and experience which may affect cannula choice.
CONCLUSIONS
The proportion of pediatric patients undergoing percutaneous ECMO cannulation is increasing. Variable rates of mechanical and physiologic complications were observed between the two methods of cannulation including higher rates of mechanical cannula failure and renal or cardiovascular complications with open access and higher rates of limb complications with percutaneous access prior to subgroup analysis. Further research is needed to evaluate for any causative relationship between outcomes and method of cannulation with stratification for severity of illness and other patient-related factors not currently available through the registry.
